Reflectance spectroscopy, ultraviolet (UV)-fluorescence spectroscopy, and multispectral imaging have been widely employed for pigment identification on paintings. From ancient times to the present, lead white, zinc white, and titanium white have been the most important white pigments used for paintings and they are used as pigment markers for dating a work of art. The spectral behavior of these pigments is reported in several scientific papers and websites, but those of their mixtures are quite unknown. We present a combined nondestructive approach for identifying mixtures of lead white, zinc white, and titanium white as powder and dispersed in two different binder media (egg yolk and linseed oil) by using reflectance spectroscopy, spectrofluorimetry, multispectral reflectance and UV-fluorescence imaging. We propose a novel approach for mapping the presence of white pigments in paintings by false color images obtained from multispectral reflectance and UV-fluorescence images. We found that the presence of lead white mixed with either zinc white or titanium white is highly detectable. Zinc white mixed with lead white or titanium white can be identified due to its UV-fluorescence emission, whereas titanium white in association with lead white or zinc white is distinguishable by its reflectance spectral features. In most cases, the UV-fluorescence analyses also permit the recognition of the binder media in which the pigments are dispersed.
Introduction
White pigments are the most widely employed pictorial materials encountered in easel paintings since they are used to obtain light hues. Although they were generally blended with colored pigments, different white pigments were often mixed together in order to improve the aesthetic qualities of the white color. For example, when zinc white was added to lead white, the pictorial layers preserved good optical properties due to the stability of zinc white in photo-ageing processes. 1 In modern times, lead white, zinc white, and titanium white have been the most important white pigments used for paintings. Among them, lead white was the only white pigment employed in European easel paintings until the 19th century. 2 Lead white pigment is a basic Pb(II) carbonate, PbCO 3 Pb(OH) 2 , and it has been used for white pictorial layers, in mixtures with other pigments and in the ''imprimitura'' (canvas primer). As a pictorial layer, lead white was ground in oil or in egg tempera (the latter procedure was often used in the early Italian panel paintings) and it presents a high hiding power, even in oil, due to its high refractive index.
Despite its use in modern paintings, the toxicity of lead white led to its progressive abandonment, which began with the introduction of zinc white in 1780. 1 The zinc white pigment is a zinc oxide, ZnO, known since antiquity. However, zinc white only appears in paintings at the end of the 18th century. It presents approximately the same refractive index of lead white, but it has less hiding power in oil. 1 In the 1920s, titanium white was introduced. Titanium white pigment is a titanium dioxide, TiO 2 , existing in two different crystallographic forms: anatase and rutile. Originally, painters mostly employed anatase due to the difficulty of producing synthetic rutile; the latter became commercially available only in the second half of the 20th century. 3 The modern production of color tubes on an industrial scale has led to the creation of heterogeneous pictorial materials, in which the pigments are generally mixed together, as demonstrated by the technical details of the manufacturers and by analytical studies. 4 For the white tubes, for example, a new pigment was produced, named flake white, which is a mixture of lead white and zinc white. 5 Other mixtures were found in modern paintings, such as the titanium white-zinc white mixtures used by Jackson Pollock 6 or mixtures of lead white and titanium white. 7 Some of these colors have been used for restoration in modern and contemporary times. Hence, the identification of the white pigment used in a pictorial layer or in a white pigment mixture can be fundamental for dating a painting and/or for investigating restoration materials. For this purpose, the nondestructive analytical techniques for pigment identification are preferred by art historians because they do not involve sampling of the analyzed layer.
Among all portable nondestructive techniques, X-ray fluorescence (XRF) spectroscopy is probably the most specific analysis, but despite its low cost and ease of use, it reveals very small portions of the painting (1-3 mm 2 maximum). [8] [9] [10] However, recently, portable scanning macro XRF devices have been developed to map the elemental distribution on paintings in situ. 11 Raman and infrared (IR) spectroscopies are also used for the identification of white pigments on paintings, but again they are punctual analyses. [12] [13] [14] [15] [16] [17] [18] [19] In recent years, macro-mapping IR imaging has been employed, but only in cross-sections. 20 The reflectance and the UV-fluorescence spectroscopies have been used for pigment identification, [21] [22] [23] [24] [25] [26] but their potential for the identification of white pigment mixtures are still unexplored.
A traditional approach is the use of UV-fluorescence photography, [27] [28] [29] [30] but in this case, it is difficult to distinguish the spectral features due to the nonlinear spectral sensitivity of the color camera.
In recent years, multispectral and hyperspectral imaging methods are replacing traditional ultraviolet visible (UV-Vis) spectroscopy and UV-fluorescence photography due to the possibility of mapping the presence of pigments with the acquisition of UV-fluorescence and reflectance spectroscopic images. [31] [32] [33] [34] However, the spectral changes of a white pigment mixed with other white pigments are unexplored. For example, zinc white exhibits two fluorescence bands centered at 380 nm and 500 nm, respectively, but to our best knowledge no work has been published on the possibility for using these spectroscopic features as a fingerprint for the presence of zinc white in mixtures with other white pigments. 35, 36 The aim of this work is to characterize the spectral behavior of white pigment mixtures in different binders (egg yolk and linseed oil) by means of nondestructive techniques in order to investigate the potentiality of UV-fluorescence spectroscopy, reflectance spectroscopy, and multispectral imaging for the identification of white pigments mixtures used as pictorial layers.
Experimental Materials
We prepared six pictorial samples using three white pigments: lead white, zinc white, and titanium white, mixed with two different binders: egg yolk and linseed oil. For this study, we used the lead white pigment (Kremer Pigmente), the zinc white and the rutile titanium white pigments (Zecchi, Florence, Italy), and linseed oil (Lefranc and Bourgeois).
Eighteen samples were prepared mixing two white pigments with different ratios (30 : 70, 50 : 50, and 70 : 30 percent by volume). Each unmixed and each mixed sample (0.40 AE 0.1 g) was combined with linseed oil (0.20 AE 0.03 g) for the oil samples or with chicken egg yolk (0.04 AE 0.02 g) and distilled water in order to obtain a good spreading property. For the lead white in egg yolk, we prepared two samples with different quantities of the binder. All the samples were spread on microscope slides, as shown in Fig. 1 .
All the samples were analyzed immediately after spreading; the oil samples were analyzed again once completely dried after two months of storage in the darkness at room temperature.
Methods

Reflectance Spectroscopy
Reflectance measurements were carried out with a portable integrating sphere spectrophotometer (Minolta CM-2300d). It performs measurements at d/8 geometry (diffuse illumination, 8 viewing angle) and we performed the measurements in specular component excluded (SCE) mode. The light source was composed of two pulsed xenon lamps (X4) and the detector was a silicon photodiode array (dual 40 elements) with a diffraction grating for dispersing the light. This spectrometer covers the wavelength range of 360-740 nm at acquisition steps of 10 nm.
Spectrofluorimetry
We acquired the fluorescence spectra by means of a spectrometer with a xenon lamp as the excitation source (Horiba FluoroMax-2). The device is equipped with a solid sample holder that allows spectral acquisitions directly on sample laying on microscope slides. The samples were positioned with an angle of 75 with respect to the excitation source and 25 with respect to the detector to reduce the specular reflection of the excitation source. The fluorescence spectra were acquired at steps of 2 nm exciting at 365 nm. The slits were fixed at 3 nm bandpass for the excitation and 2.5 nm bandpass for the emission.
Multispectral Imaging
The multispectral imaging was performed with a monochromatic camera (QSI 583-w) equipped with a Micro-Nikkor optical system and ten Thorlabs narrow band interferential filters (full width half-maximum [FWHM] of 10 nm) with the central wavelengths at 380 nm, 390 nm, 400 nm, 410 nm, 420 nm, 450 nm, 470 nm, 500 nm, 550 nm, and 600 nm. All of the multispectral images were properly calibrated using dark and flat frames. Furthermore, the multispectral UV-fluorescence images were radiometrically calibrated; this means that all the images were corrected by the spectral sensitivity of the charge-coupled device camera and the spectral transmittance of the optical lens and the filters. 37 For the reflectance imaging, we used two halogen lamps and two white LED lamps, whereas for the UV-fluorescence imaging we employed two UV lamps constituted by three UV LEDs (High Power LED M365D1, Thorlabs) for each lamp, characterized by a spectral emission peaked at 365 nm with a FWHM of 10 nm, and an optical output power of 190 mW each LED. The sources were placed at AE 45 with respect to the normal samples, following the standard illumination geometry for imaging. A pure barium sulfate pellet was used as reflectance standard.
Results and Discussion Reflectance Spectroscopy and Spectrofluorimetry
The reflectance spectra measured on the unmixed white pigments mixed with either egg yolk or linseed oil are reported in Fig. 2 .
Zinc White
The reflectance spectra of zinc white have a steep rise with inflection point at 384 nm, followed by a shoulder around 400 nm. The inflection point and the shoulder remain roughly in the same positions regardless of the binder used, as clearly shown in Fig. 2a .
In the visible range, the reflectance of the oil paints is lower than the tempera ones (paint prepared with egg yolk). After drying for two months in the darkness, the reflectance spectrum of the oil paint presents two shoulders: one around 400 nm and a second weak one around 470 nm. The fluorescence emission of zinc white (Fig. 3a ) presents a narrow UV emission band, with the maximum centered at 380 nm, and a broad band between 460 nm and 580 nm, with the maximum at about 500 nm. Moreover, the type of binder does not induce any significant band shift on the fluorescence spectra.
Titanium White
The reflectance spectra of titanium white (Fig. 2b ) have a steep rise with an inflection point at 404 nm for all binders used. The fluorescence emission of titanium white is characterized by a broad structured band from 400 nm to 500 nm with two weak bands centered at 412 nm and 466 nm, respectively, for all binders. Such a high number of emission bands led a very characteristic structure of the titanium white fluorescence spectra. The fluorescence emission in the oil sample changes significantly after two months of storage in darkness: a new, strong fluorescence band appears in the 400-600 nm range (Fig. 3b ).
Lead White
The reflectance spectra of lead white mixed with egg yolk or linseed oil show a weak absorbance centered around 380 nm. The low absorbance intensity explains its whiter color in comparison with the other two white pigments (Fig. 2) .
After two months of storage in darkness, the absorbance of degraded oil covers the weak signal of lead white.
The fluorescence emission of the lead white powder shows the tail of an emission band lying below 375 nm and it becomes quite flat between 425 and 675 nm (Fig. 3c ). The fluorescence spectra of paint samples are deeply linked with the nature of the binder. Tempera paints, prepared with egg yolk, show an additional fluorescence emission band with the maximum at 420 nm; the fluorescence of linseed oil paints is much weaker, with the maximum of the second emission band at 468 nm. After two months of storage in darkness, we observed a strong increase of the intensity of the 468 nm band, clearly due to the ageing of the linseed oil.
Lead and Zinc Whites
The reflectance spectra of the lead and zinc white mixtures, containing up to 70% of lead white in volume, present similar spectral features as unmixed zinc white paints (Fig. 4a ). In this way, we notably observed the characteristic absorption band of zinc white in the UV range. In addition, all the oil samples show an increase in reflectance with respect to the unmixed zinc white spectrum above 500 nm, probably due to the higher lead white reflectance.
The fluorescence emissions of the lead and zinc white mixtures show a spectral behavior similar to that of the zinc white paints. The broad band at long wavelengths is less distinguishable in egg yolk samples (Fig. 4b ).
Lead and Titanium Whites
The reflectance spectra of the lead white and titanium white mixtures present the same spectral features of the titanium white samples, up to 70% of lead white in volume (Fig. 5a ). In spite of the presence of the lead white, an absorption band is present in the UV range, alike unmixed titanium white samples.The oil samples present a reduction of the reflectance in the blue region.
The fluorescence spectra reveal that the intensity of the fluorescence emission at 466 nm increases in the dried oil samples, alike the unmixed titanium white. For this reason, we can distinguish samples prepared with egg yolk from those prepared with linseed oil (Fig. 5b ).
Titanium and Zinc Whites
The reflectance spectra of the zinc white and titanium white mixtures (Fig. 6a ) present the same spectral features as the reflectance spectra of titanium white, implying that if the titanium white pigment is combined with either lead white or zinc white, we cannot recognize the presence of the last ones with the reflectance measurements only.
On the contrary, the fluorescence spectra show the spectral features of both zinc white and titanium white. For the two-month-old dried oil samples, we observe an increase of the fluorescence emission, in particular at long wavelengths (Fig. 6b ).
Multispectral Images
The multispectral reflectance and fluorescence images were acquired on the egg yolk and oil samples after two months of storage in darkness. In order to reduce the redundancy of information that multispectral imaging can often produce, we have chosen to show the results by means of ''false'' color (RGB) images that depicts the samples in colors that differ from those of a photograph (a true-color image). We define this method as ''false'' RGB image to distinguish it from the true false RGB image that is a rendering method already used for the identification of the pigments in paintings, in which the red component of the RGB image is substituted with the IR image, the green with the red, and the blue with the green. 38 The false color images were selected on the basis of the results of the reflectance measurements and of the fluorescence spectra, three multispectral images in which the differences between the spectral features of the samples are more pronounced
In the case of multispectral reflectance imaging, we have chosen the filters centered at 380 nm and 400 nm corresponding to the inflection points of the reflectance spectra of zinc white and titanium white, respectively, and one centered at 420 nm that transmits a wavelength range in which the reflectance values of all the samples differ mostly from each other.
For the multispectral fluorescence imaging, we have chosen the filters, centered at 420 nm and 470 nm, that correspond to the emission band of the titanium white samples and the dried lead white in oil (Fig. 3) . For the third image, although the fluorescence maximum in the visible range of zinc white samples is at about 500 nm, in this range we have also strong fluorescence emitted by the other pigments, instead, at about 530 nm, the fluorescence intensity of the zinc white samples is still rather strong and definitely different from that of the other ones. Even if zinc white samples present an intense fluorescence emission at 380 nm, we have avoided the multispectral fluorescence false RGB using the image taken with the 380 nm, because of the presence of stray light emitted from the source that influences the true fluorescence signal of the samples.
Multispectral Reflectance Imaging
In Fig. 7 , we show selected multispectral reflection images and the false RGB image. We observe that, at 380 nm, the samples that contain titanium white and zinc white show lower reflectance values than the unmixed lead white samples. At 400 nm, the mixtures of lead white and zinc white display higher reflectance values than the other white pigments, while at 420 nm we observe that the reflectance of the oil samples appears less intense than the yolk ones in the reflectance values ( Fig. 7) .
In the combined false RGB image obtained using the three selected images reported above (R ¼ 380 nm, G ¼ 400 nm, B ¼ 420 nm), we can evidence the presence of the unmixed zinc white and of zinc white in mixtures with lead white as a light blue-green hue, justified by the higher reflectance values at about 400 nm (green color) and 420 nm (blue color) compared with the other samples (Table 1) . Lead white in oil and in egg yolk samples presents higher RGB values, above all at 380 nm (red color) compared with the other samples, and this makes it recognizable in the ''false'' RGB image. All the titanium white samples present a blue false color, justified by high reflectance values at about 420 (blue color).
Multispectral Fluorescence Imaging
Although zinc white can be easily recognized by its fluorescence band peaking at about 380 nm in the UV range, it can be also well identified by using the visible fluorescence emission. Observing the false RGB image, obtained combining the images taken at 420 nm (R), 470 nm (G) and 532 nm (B) (Fig. 8) , and the RGB average values in Table 2 , we can say that the egg yolk samples can be distinguished from the oil samples due to the strong differences in their RGB values; the unmixed zinc white and the mixture of lead-zinc white samples are well identified by the brown hue due to the higher values at about 532 nm (red color). Titanium white, as well as titanium white mixed with lead white in egg yolk samples, is dark; the same pigments in oil show similar false color values as titanium in oil. Lead white in oil or in egg yolk presents different false colors; the yolk samples show higher values at 420 nm (red color) and 470 nm (green color) compared with the oil samples. The samples with titanium white mixed with zinc white showed an increase of all the RGB values with increasing zinc white both in yolk and oil samples.
Conclusion
The spectral features of white pigments and white pigment mixtures have been evaluated and discussed through the combined use of reflectance measurements, spectrofluorimetry, and multispectral imaging. We found that the reflectance measurements are effective in distinguishing lead white in oil from lead white in egg yolk, zinc white in oil from zinc white in egg yolk, and the presence of zinc white when mixed with lead white. The samples containing titanium white, despite the high content of zinc white or lead white, maintain the spectral features of the unmixed titanium samples. With the fluorescence spectra in the visible range we can well distinguish not only the samples that contain zinc white but also the binder in which they have been mixed. We tested the possibility of distinguishing white pigment mixtures combining three multispectral imaging in a false RGB image obtaining good results.
For the multispectral reflectance false RGB image, we have chosen the filters centered at 380 nm (R) and 400 nm (G), corresponding to the inflection points of the reflectance spectra of zinc white and titanium white, respectively, and one centered at 420 nm (B), at which the reflectance values of all the samples differ mostly from each other. In the false RGB image we can recognize whether the zinc white pigment is mixed with titanium white or with lead white because they have false colors characterized by different RGB values. For the multispectral fluorescence false RGB image, we have chosen the filters centered at 420 nm (R), 470 nm (G), and 532 nm (B). The first two correspond to the emission bands of the titanium white samples and the dried lead white in oil, respectively. The last one transmits a spectral interval in which the fluorescence emitted by zinc white samples is still rather strong and definitely different from that of the other ones.
In the false RGB image we can discriminate if zinc white and its mixtures with other white pigments are blended with linseed oil or with egg yolk by means of their RGB values. The titanium white and its mixtures with yolk appear black, while the ones in oil show a weak false yellow color, due to similar R (420 nm) and G (470 nm) values, both higher than B (532 nm) values, as lead white in oil. Lead white can be detected only if it is mixed with linseed oil or yolk egg without mixing with other white pigments. 
